In widely frequency modulated sine tones, frequency maxima are perceived more accurately than frequency minima: A shift in a local frequency extremum is better detected when the extremum is a maximum than when it is a minimum, even within the same spectral region [L. Demany and K. I. McAnally, J. Acoust. Soc. Am. 96, 706-715 (1994)]. It is reported here that this perceptual asymmetry is about equally strong for frequency extrema near 250 and 1000 Hz, but weaker near 4000 Hz. It was also found that near 1000 Hz, the asymmetry is about equally strong for stimuli with an SPL of 35 and 70 dB, although the neural excitation patterns of a 1000-Hz tone probably have a different shape--and more specifically a different asymmetry--at these two levels. Finally, stimulus uncertainty was found to reduce the perceptual asymmetry: A weaker asymmetry was measured when the standard frequency extremum varied randomly from trial to trial than when it was fixed. The latter result, and the fact that the asymmetry did not decrease with training in the discrimination task, suggest that the asymmetry cannot be counteracted by "top-down" attentional processes and may be a preattentional phenomenon.
INTRODUCTION
Recent experiments on the perception of deep and continuous frequency modulations (FM) suggested that local frequency maxima are perceived more accurately than local frequency minima, even within the same spectral region (Demany and McAnally, 1994; hereafter, this previous paper will be called paper 1). The stimuli, lasting 200 ms, were obtained by imposing on sinusoidal carriers either of two FM waveforms. On a logarithmic frequency scale, each FM consisted of one cycle of a 5-Hz cosine function, giving a frequency swing of about 0.5 oct. In one condition, called the "trough" condition, the initial phase of the cosine function was 0; therefore, frequency first decreased, reached a minimum after 100 ms, and then came back to its initial value during the next and final 100 ms. In another condition, called the "peak" condition, the initial phase of the cosine function was ,n'; therefore, the FM was inverted and the temporally central frequency extremum was a maximum instead of a minimum. The central extrema were constrained to be in the same spectral region for the two conditions. Thresholds for the detectability of shifts in these extrema were measured by varying the amplitude of the cosine FM while keeping constant, within each trial, the onsets and offsets of the stimuli (see Fig. 3 of paper 1). The obtained thresholds appeared to be markedly larger in the trough condition than in the peak condition, i.e., larger for minima than for maxima.
This perceptual asymmetry was observed while: (1) the extrema were in the vicinity of 1000 Hz; (2) the exact frequency value of the standard extremum was randomly varied, in a 0.5 oct range, from trial to trial; (3) the sound-
•}E-mail:psyac@frbdx 11.cribx l.u-bordeaux.fr pressure level (SPL) was 70 dB. Thus three potentially important factors were kept fixed: Frequency register, stimulus uncertainty (which was rather high due to the roving procedure), and intensity. The aim of the present study was to assess the effect of these three factors on the perceptual asymmetry.
Let us consider first why frequency register might play a significant r61e. For steady tone bursts of short duration (10-50 ms), the relative difference limen of frequency is a U-shaped function of frequency with a minimum near 2000 Hz (Moore, 1973) . Thus for a U-shaped FM with a tip near 1000 Hz or lower and a swing that does not exceed 1 oct, the internal representation of instantaneous frequency must be less accurate at the tip than in any other spectrotemporal region; and the opposite must be true if the 1000-Hz tip of the FM is a maximum instead of a minimum. Possibly, this is largely why a frequency maximum at 1000 Hz is perceived more accurately than a frequency minimum in the same frequency region: The important property of a frequency extremum would not be the fact that it is a maximum or minimum of frequency per se, but the fact that when this extremum occurs, the internal representation of instantaneous frequency is more precise, or less precise, than previously and afterwards. If this is true, the perceptual asymmetry observed near 1000 Hz should be reversed for extrema well above 2000 Hz, for instance near 4000 Hz: Here, frequency maxima should be perceived less accurately than frequency minima.
With respect to the possible influence of stimulus uncertainty, a prediction could be drawn from the work of Watson and his colleagues (Watson et al., 1975 (Watson et al., , 1976 Spiegel and Watson, 1981) on the perception of rapid sequences of dis-crete tones with complex melodic contours. In their experiments, subjects had to make same/different judgments on pairs of such sequences. The differences to be detected consisted of a frequency shift in one tone. When the standard sequence of each trial was randomized from trial to trial, and therefore unpredictable, an interesting perceptual effect was observed: For the highest component of this sequence, the detectability of a frequency shift was relatively good and almost independent of the component's temporal position; for the components with lower frequencies, subjects' performance was not only worse but also very dependent on the temporal position variable (much better for a last component than for a first one). Thus the authors found a perceptual advantage of frequency maxima over frequency minima. In trained subjects, however, this advantage largely disappeared when the standard sequence, and the component liable to a frequency shift, were no longer varied from trial to trial. Therefore, the advantage seemed to be crucially dependent on attentional factors. If this is also the case for the perceptual asymmetry reported in paper 1, one would expecl it to be reduced when the trial-to-trial randomization of the standard extremum is removed.
Finally, intensity could be an important factor if, as recently advocated by Ellermeier and Emmerich (19931, the perception of a momentary frequency extremum was closely related to the shape of the neural excitation pattern induced by the stimulus at this time (and previously). At the SPL used in paper 1, 70 dB, a 1000-Hz tone has a larger simultaneous masking effect on higher-frequency tones than on lowerfrequency tones; however, the opposite occurs at much lower SPLs (Zwicker and Jaroszewski, 1982) . These different asymmetries of masking are likely to reflect, at least in part (see Delgutte, 1990) , different asymmetries in the distribution of a 1000-Hz tone's neural excitation. It is difficult to specify how the "upward" neural asymmetry apparently occurring at 70 dB could induce the perceptual asymmetry described in paper 1. Nonetheless, these two kinds of asymmetry might be related in some way. If they were indeed related, an intensity dependence of the perceptual asymmetry might clearly be observed. The stimuli, presented binaurally, were the same as those used in experiment 2 of paper 1 and described above, except for differences in frequency register. They were generated with the same equ'pment a.• before, except that the TDH 39 earphones were replaced by a Stax SR-Lambda Pro headset (with a better high-frequency response). On each trial, two successive stimuli separated by a 500-ms silence were presented. In one of them, the standard, the temporally central frequency extremum was 250, 1000, or 4000 Hz (in separate blocks of trials). The FM taking place in the other stimulus, the target, always had a larger swing; therefore, as in experiment 2 of paper 1, the target extremum was higher than the standard extremum in the peak condition, and vice versa in the trough condition. The temporal ordering of the standard and the target was a random variable and subjects had to designate the targel by pressing one of two keys. Visual feedback about response accuracy was provided immediately. In a given block of trials, a threshold was measured by an adaptive variation of the shift in extremum, using the "weighted up-down" technique (Kaernbach, 1991); this threshold rep- 10• .......... ] .......... , .... • 10   10 , , ' , , 9 The fact that training effects were not larger in the trough condition than in the peak condition implies that, within each stage, the discrimination advantage of frequency maxima over frequency minima did not decrease with training. This is illustrated in more detail by Fig. 2 . Here, the abscissa is the same as in Fig. 1 but the plotted data are the ratios of the threshold statistics respectively obtained for the trough and the peak conditions. The five panels show results for the four subjects and the geometric mean of their data.
Observe that even within stage 1, time had no clear effect on these ratios.
B. The effects of frequency register and stimulus uncertainty
One of the goals of our study was to assess the effect of frequency register on the perceptual asymmetry between frequency maxima and minima. Consider, in this respect, the trough/peak ratios obtained in stage 1 (Fig. 2) . These ratios were almost always well above 1.0, which implies that maxima were better perceived than minima. However, although similar ratios were obtained for extrema at 250 Hz (triangles) and 1000 Hz (disks), the ratios were generally smaller at 4000 Hz (squares). The corresponding values of the overall geometric means are, respectively, 3.54, 4.09, and 1.79. For three of the four subjects (LD, SC, and MS), the trough/peak ratios were significantly smaller at 4000 Hz than below 4000 Hz since in each case the corresponding sets of data points did not overlap at all. However, a large overlap is visible in the data for MC; his thresholds were also the highest ones. More importantly, the results of stage 3 indicate that frequency maxima reinair. more discriminable than frequency minima at low stimulus intensities. As shown by Fig. 2 , the trough/peak ratios found in stage 3 were quite high. Their overall geometric mean, 4.81, was even larger than the corresponding figure for stage 1.
III. DISCUSSION
In the light of the present data, the local maxima and minima of FM functions imposed on sine tones appear to be perceived asymmetrically for a wide range of stimulus variables and this asymmetry appears to be a robust phenomenon.
We determined how the perceptual asymmetry was affected by three factors: Frequency register, stimulus uncertainty, and intensity. The first factor, frequency register, did affect the results. The asymmetry appeared to be about equally strong for frequency extrema near 250 and 1000 Hz, but weaker near 4000 Hz and even nonexistent for roving extrema near 4000 Hz. In the Introduction, we considered that the asymmetry might originate from the variation of the relative difference limen of frequency as a function of frequency. What we found is not fully consistent with this hypothesis since, for frequency extrema near 4000 Hz, its prediction was a perceptual advantage of frequency minima over frequency maxima, i.e., a reversal of the trend occurring at 1000 Hz. Therefore, the hypothesis in question is either insufficient or completely wrong. The weakening, at 4000 Hz, of the perceptual asymmetry observed in lower frequency registers may have some connection with the frequency limits of phase locking in the auditory nerve of mammals (Rose et al., 1967; Russell and Palmer, 1986) ; however, the reason why such a connection should exist is unclear.
Intensity had no effect on the asymmetry. Yet, as pointed out in the Introduction, the neural excitation patterns of sine tones near 1000 Hz probably have a quite different shape at 35 and 70 dB SPL. At these two levels, indeed, the excitation patterns are probably asymmetric in opposite directions. It can be considered that each of the FM functions used here "put in motion" an excitation pattern with an approximately constant shape (because, in particular, there was no AM in the stimuli). Apparently, the shape of the moving excitation pattern had no influence on the relative perceptual accuracies of frequency maxima and frequency minima.
Stimulus uncertainty was found to reduce the perceptual asymmetry. In the peak condition, this factor had a strongly deleterious effect on performance, not surprisingly under the assumption that subjects based their judgments on--and only on--the frequency maxima of the stimuli: Harris (1952) had already shown that frequency discrimination performance is poorer when the standard frequency is varied from trial to trial than when it is fixed. In the trough condition, however, the effect of stimulus uncertainty was weaker. This can be accounted for by assuming that, in the trough condition, the subjects did not base their judgments exclusively on the frequency minima. Hypothetically, they had to rely on another cue because the minima were less distinct than the maxima of the peak stimuli. This other cue could be the rate of frequency change before and after each minimum was reached, because shifts in a frequency extremum produced shifts in this rate. In contrast to the standard frequency extremum, the standard rate of frequency change was not affected by the randomization procedure since frequency was swept through exactly 0.5 oct in 100 ms for each standard stimulus. Thus, if subjects did rely on the rate of frequency change in the trough condition, one can understand why stimulus uncertainty had a smaller effect in this condition than in the peak condition. In the light of data reported by Dooley and Moore (1988), the thresholds measured in the trough condition appear to be consistent with our conjecture. Dooley and Moore suggest that the just-detectable difference between two rates of frequency change amounts to about 6%. All the mean thresholds shown in the upper panel of Fig. 1 (trough condition) correspond to larger differences in rate of change. (For a shift of, e.g., 50 cents in a frequency extremum, there was an increase of 8.3% in the overall rate of frequency change.) By contrast, many of the mean thresholds shown in the lower panel (peak condition) correspond to rate differences smaller than 6%.
The negative effect of stimulus uncertainty on the asymmetry, and the absence of a negative effect of training, suggest that the asymmetry cannot be cancelled or even reduced by "top-down" attentional factors, at least for many listeners. In this respect, the asymmetry under study here seems to differ from the perceptual phenomenon reported by Watson et al. (1975) and mentioned in the Introduction. In the trough condition of the present experiment, without any randomization of the standard stimulus, two subjects (the authors) have now performed more than 6000 discrimination trials; this extended training did not reduce the asymmetry. We also tried, informally, to induce an attentional capture of a 1000-Hz frequency minimum by using a sound sequence in which the corresponding FM stimulus rapidly alternated with a 1000-Hz pure tone. For us at least, the minimum of the FM stimulus could not be heard more accurately in this sequence than when the pure tone was removed. It may be that the asymmetry rests on extremely compelling "stimulus-driven" attentional factors. However, we are more inclined to consider it as a preattentional phenomenon.
